Numerous reports have described toll-like receptor (TLR) expression in the tumor microenvironment as it relates to cancer progression, as well as their involvement in inflammation. While TLRs mediate immune surveillance, clinical studies have associated TLR expression in the tumor with poor patient survival, indicating that TLR expression may affect cancer treatment and survival. This review will examine mechanisms where TLR activation up-regulates pro-tumorigenic pathways including the induction of inducible nitric oxide synthase (NOS2) and cyclooxygenase-2 (COX2), which in turn increase TLR expression and promotes a feed forward loop leading to tumor progression and the development of more aggressive tumor phenotypes. These propagating loops involve cancer cell, stroma and/or immune cell TLR expression. Because of abundant TLR expression in many human tumors, several TLR agonists are now in clinical and preclinical trials and some have shown enhanced efficacy when used as adjuvant with radiation, chemotherapy or cancer vaccines. These findings suggest that TLR expression influences cancer biology and therapeutic response, which may involve specific interactions within the tumor microenvironment including mediators of inflammation like nitric oxide and the arachidonic acid signaling pathways.
Background
Inflammation has emerged as a non-mutational driver of tumor development and progression, and has been associated with higher tumor grades and a poor prognosis (1, 2) . A quintessential signaling mechanism of inflammation utilizes the Toll-like receptor (TLR) family, which is a highly conserved family of transmembrane proteins that recognize a range of microbial agents as well as endogenous macromolecules released by injured tissue. To date, ten isoforms have been identified in humans that are activated by various ligands. Ligand activation of TLRs is at the forefront of inflammatory response as it initiates key signaling pathways in the regulation of innate and adaptive immunity, as well as tissue repair and regeneration, and is tightly regulated under normal conditions. However, when these inflammatory processes go awry, the dysfunction of TLR pathways leads to the development of chronic inflammatory diseases and thus provides potential therapeutic targets in pathologies including septic shock, stroke, diabetes, and cancer (2) (3) (4) (5) . In cancer, the TLRs have emerged as important participants in shaping the tumor microenvironment as they mediate both pro-and anti-tumorigenic pathways ( Figure 1) . Thus, TLR expression may provide reliable tumor biomarkers and their selected targeting may be therapeutically beneficial.
Toll-like receptors are pattern recognition receptors (PRRs) that bind pathogenassociated molecular patterns (PAMPs) and are a major component in the defense against invading organisms. In addition to PAMPs, TLRs recognize damage-associated molecular patterns (DAMPs), which are proteins or nucleic acids released during necrosis. Increased tumor cell death results in the release of numerous DAMPs, including high motility group box-1 (HMGB1), heat shock protein (HSP), fibrinogen, heparin sulfate, fibronectin, hyaluronic acid, as well as self double-strand and single-strand RNA. While these molecules are released from necrotic cells, they promote tumor cell survival through activation of TLR1-9 expressed on tumor cells and subsequent up-regulation of NF-kB signaling and anti-apoptotic proteins. Furthermore, DAMP activation of TLRs expressed on tumor cells initiates signaling cascades that mediate the release of cytokines and chemokines from the tumor cells, which recruit immune cells that are optimized for the release of additional cytokines, pro-angiogenic mediators and growth factors that continue to promote tumor survival and progression (2) . These chronic inflammatory mechanisms within the tumor microenvironment impair tumor surveillance and promote cancer progression by selecting for metastatic and therapeutically resistant tumor phenotypes (6, Fukata, 2007 #148, 7) .
In contrast, TLR agonists can also have powerful anti-tumor effects with the potential for new therapeutic interventions. Toward this end, microbe-derived therapeutics employ TLR activation within the innate and adaptive immune responses to enhance tumor surveillance and cytotoxicity. William B. Coley, a bone sarcoma surgeon who injected streptococcal organisms into a cancer patient in order to cause erysipelas and stimulate the immune system, made the first observation of such effects; the patient's tumor disappeared. Dr. Coley achieved a 30% success rate after treating 1000 patients with heat-killed streptococcal organism and Serratia marcescens, which became known as Coley's Toxin (8) . Current examples of this approach include the application of Bacille Calmette-Buerin (BCG), which has been used in bladder cancer and found to elicit an inflammatory response by recruiting inflammatory cells and cytokine production at the bladder epithelium (9) . In this review, we discuss different mechanisms and identify divergent pathways that predict prognosis and/or therapeutic efficacy.
TLR Expression and Function in Cancer
TLR activation by PAMPs and DAMPs has a critical role in innate and adaptive immunity. In addition to their expression on immune cells, TLRs are also expressed on epithelial cells lining the GI tract and female reproductive tract, alveolar and bronchial epithelial cells in the lung, normal keratinocytes in skin, as well as vascular smooth muscle and endothelial cells in the cardiovascular system. TLR expression on the epithelial cell lining of an organ provides the first line of defense against pathogens and neoplastic lesions, and is also important in the regulation of epithelial proliferative and apoptotic response (2) . TLR 1, 2, 4, 5, 6 and 10 are cell surface proteins and TLR 1, 2, and 6 respond to various lipoproteins and glycolipids of bacterial origin. TLR10 is the only TLR without a known agonist but does share the greatest homology with TLRs 1 and 6 and has been shown to colocalize with TLR2 in phagosomes (10, 11) . TLR5 responds to bacterial flagella while TL4 responds to bacterial lipopolysaccharide as well as DAMPs including S100A, HMGB1, and HSP released from apoptotic cells. Saturated fatty acids, but not unsaturated fatty acids also activate TLR4. Oligonucleotides of self and microbial origin activate TLR3 and TLR7-9, which are located inside the cell in endocytic compartments and endoplasmic reticulum. The intracellular localization of TLR7/8 appears to provide an important mechanism during tumor eradication because of their simultaneous stimulation of several cell types that activate a mix of immune cells, cytokines, and chemokines at the tumor site (12, 13) .
In general, ligand activation bridges two TLR molecules at the ectodomain, which are generally similar in structure and forms a dimer with the Toll/interleukin-1 receptor (TIR) domain to initiate downstream signaling (14) . The TIR mediated signaling requires TLR adaptor proteins, which include MyD88, TIRAP, TRIF, and TRAM (15) (16) (17) . MyD88 is thought of as a universal adaptor as it is shared by all TLRs except TLR3, which exclusively recruits TRIF (12) . Adaptor binding to the TIR domain leads to NF-kB activation through IKK complex, MAPK and PI3K/Akt kinases (18) . TLR signaling initiates divergent pathways that can influence either a pro-tumorigenic response leading to poor patient survival, or increased anti-tumor response and tumor eradication. While the precise role for TLR signaling in tumor escape from immune surveillance is not clear, TLR localization may be important in the elucidation of mechanistic outcome. TLRs are expressed on tumor cells, immune cells and/or stromal cells (i.e. fibroblasts) within the tumor microenvironment.
In recent years, TLR expression in tumor tissue has been reported, which may provide an important mechanism in the recruitment of inappropriate immune enhancement and dysfunctional immunity leading to anti-tumor immune tolerance (19) . Dysfunctional immunity within the tumor microenvironment promotes tumor progression by mediating proliferative and survival signaling of malignant cells, blunting of tumor surveillance, promoting angiogenesis, metastasis, and drug resistance (20) . Tumors exhibiting elevated TLR expression include breast, colorectal, melanoma, lung, prostate, glioma, pancreatic, liver and esophageal cancers (2, (21) (22) (23) (24) . In breast cancer, TLR3 is elevated in the tumor cells, while TLR4 is expressed in mononuclear infiltrating cells (MIC) and TLR9 is elevated in stromal fibroblasts (24). TLR3 and TLR4 were identified as predictors of poor survival, while high TLR9 predicted enhanced survival (24). One study examining TLR expression in esophageal cancer has shown TLR3, 4, 7 and 9 overexpression in 70, 72, 67, and 78% of patient tumors, respectively (23) and like breast cancer, poor prognosis was associated with elevated TLR3 expression on tumor cells as well as elevated TLR4 expression on MIC, however patients expressing increased TLR9 associated with fibroblasts exhibited improved survival (24). Enhanced colorectal tumor expression of TLR7/8 colocalized with the cancer stem cell marker CD133 and correlated with reduced overall survival (25) . In one report, enhanced TLR4 expression was identified in 69% of pancreatic cancer patients and correlated with increased NF-kB signaling, enhanced HIF-1 expression, and dramatically reduced patient survival (22) .
Studies have correlated elevated TLR expression and dysfunctional immunity within the tumor microenvironment with cancer progression and reduced patient survival in a number of solid tumors. Key mediating factors during this process appear to involve TLR-MyD88 signaling and downstream activation of NF-kB (20) . Increased TLR4 and MyD88 expression predicts increased liver metastases in colorectal cancer patients (26) while TLR4 expression is associated with larger tumor size, higher clinical staging, and lymph node metastasis in pancreatic cancers (27) . These studies indicate that the location of TLR expression may be an important determinant of therapeutic response as well as indicators for patient survival. In vitro studies of human and mouse cancer cells showing elevation of several TLRs at both the mRNA and protein levels that mediate both proand anti-tumorigenic responses support these clinical reports.
TLR Expression and Inflammatory Tumor Microenvironment
The identification of poor prognostic markers is usually an indication of pathways that augment tumor chemoresistance, proliferation, and metastasis. Under normal conditions, inflammation is resolved by feedback mechanisms. When these feedback mechanisms are dysregulated, such as in cancer, chronic inflammation ensues. In cancer, this process is commonly referred to as "the wound that does not heal" (28) . As discussed above TLRs mediate inflammation and can predict cancer survival indicating that they may also be involved in these feedback mechanisms. Also, TLR expression occurs in tumor, immune, and stromal cells, which are all known to facilitate chronic inflammation that primes the tumor microenvironment for more aggressive disease phenotypes. These mechanisms appear to exploit an important crosstalk relationship between TLR and nitric oxide synthase/cyclooxygenase-2 (NOS2/COX2) expression, which are key mediators of inflammation. While NOS2 is an important regulator of immune surveillance, a significant increase in NOS2 expression was observed in apoptotic infiltrating mononuclear cells that correlated with increased Bax and caspases-3 expression in these cells, and was postulated to contribute to immunosuppression seen in colorectal cancer (29) . Similarly, COX2 expressing colon cancer cells have been shown to induce T cell cytotoxicity, which may also compromise tumor immune surveillance (30) . TLR activation increases expression of both the pro-inflammatory enzymes NOS2 and COX2 that are associated with tumor progression (31, 32) .
Elevated TLR Expression and Aggressive Tumor Phenotypes
One example highlighting a potential role of inflammatory feedback loops pertains to the impact of TLR signaling on elevated NOS2/COX2 protein expression.
Bacterial lipopolysaccharide (LPS) stimulation of TLR4 has been shown to promote tumor invasion through NF-kB-dependent upregulation of NOS2, matrix metalloproteinase-2 (MMP-2), and 1 integrin (33) . Another report shows LPS activation of tumor cell TLR4 and increased production of NO, IL-6, and IL-12, thus creating an inflammatory microenvironment (6) . TLR4 enhances COX2 and prostaglandin E2 (PGE2) production, as well as epidermal growth factor receptor (EGFR) phosphorylation, which promote the development of colitis-associated colorectal cancer (7) . Stimulation with LPS and cytokines can induce NOS2 and COX2 in ER-breast cancer cells indicating that TLR4 and NOS2/COX2 form an axis to perpetuate a more aggressive phenotype. This phenotype culminates in tumor resistance against cytotoxic T cells and NK cells, thus facilitating tumor evasion from immune surveillance (6).
Tumor Cell and Immune Cross talk
Tumor associated macrophages (TAM's) comprise as much as 50% of the tumor mass and they provide essential support for a pro-tumor microenvironment (34) . A recent study shows a novel and interesting mechanism involving the activation of TLR7/8 on neighboring immune cells by miRNA-21 and miRNA-29a secreted from lung tumor cell exosomes, which leads to a pro-tumoral inflammatory response mediated by NF-kB activation and increased TNF and IL-6 released by immune cells. Moreover, a KaplanMeier survival analysis demonstrated significantly lower survival of Lewis lung carcinoma (LLC) tumor bearing WT mice when compared to TLR7−/− mice (35) . This study elegantly demonstrates tumor exploitation of the immune system, which culminates in reduced survival of tumor bearing animals.
TLR and Immunosuppression
TLR activation mediates immune suppression and reduced tumor surveillance. While TLR activation of MIC's lead to increased tumor promoting factors, these conditions also dramatically up-regulate immunosuppressive agents. TLR activation enhances NOS2 and COX2 production as well as subsequent increases in the levels of IL-10, VEGF and activated Transforming growth factor-TGF- within the tumor microenvironment. Increased S100A and PGE2 proteins up-regulate myeloid derived suppressor cells (MDSC) as well as increased CD4+CD25+FOXP3+ Treg cells. Increased COX2 mediates the up-regulation of chemokines (C-X-C motif) Ligand 12 (CXCL12), C-X-C chemokines receptor type 4 (CXCR4) and S100A4. LPS stimulation of lung cancer cells increases PGE2, S100A8/9 IL-6, VEGF, macrophage inflammatory protein-1 (MIP-1, MIP-3, IL-8, IL-10 and TGF- activity, which provided an optimal cocktail for immune suppression and increased angiogenic and metastatic potential (36, 37) . Taken together, the interaction of these inflammatory mediators lead to TLR signaling within the tumor microenvironment that promotes tumor survival and resistance.
An association between elevated NOS2 expression and reduced disease specific survival in breast cancer has been described (31, 38, 39) . Moreover, elevated NOS2 correlated with high IL-8, S100A8, and P-cadherin in ER-tumors (31) . Thus, NOS2 is associated with the more aggressive basal-like transcription pattern in these ER-negative patients (31) . Recent reports show nitrosation mechanisms of Ras, EGFR, and Src as well as nitration of tissue inhibitor of metalloproteinase-1 (TIMP-1) and enhanced TIMP- 1/CD63 receptor binding that culminates in elevated pro-survival PI3k/Akt/BAD activation, increased c-myc, -catenin, Ets-1 signaling and HIF-1 protein stabilization (40) (41) (42) . Activation of TLR3/4 by DAMPs released from necrotic cells may also initiate direct activation of NF-kB, PI3K/Akt, and MAPK pro-survival pathways by increased NOS2 and COX2 expression (2) . In addition, these nitrosative conditions induce COX2 expression and increase PGE2, which induces NOS2 by a feed-forward mechanism in ER-breast cancer cells (43) . Elevated tumor NOS2 expression is associated with increased S100A8 expression (31), which is a TLR4 ligand (44, 45) . Other studies have demonstrated a role for S100A8/S100A9 in tumor growth and increased metastasis via increased number of MDSCs and immunosuppression (46, 47) . Together, these observations may implicate a role for enhanced NOS2 expression and TLR4 signaling during breast cancer progression through S100A8-mediated suppression of tumor surveillance. These immunosuppressive mechanisms likely contribute to the development of more aggressive cancer phenotypes and may provide insight to the dysfunction of immunity within the tumor microenvironment.
Clinical-Translational Advances

TLRs as Therapeutic Targets of Cytotoxic Response
Enhanced TLR expression within the tumor microenvironment has made these molecules attractive therapeutic targets. Many clinical applications employing TLR agonists have met with disappointing results when used as mono therapies due to protumor mechanisms of cancer, which utilize TLR expression to facilitate immune suppression. TLR agonists have met with greater therapeutic success when used as adjuvants in combination with radiation, chemotherapy or cancer vaccines, by priming the host immunity leading to enhanced T helper (Th) cell cytotoxic or Th1 response. T helper cells are a sub-group of lymphocytes that play an important role in adaptive immunity. T helper cells are not cytotoxic themselves; rather, they function by activating and directing other immune cells. They are critical in B cell antibody class switching, in the activation and proliferation of cytotoxic Th1 cells, and in maximizing bactericidal activity of phagocytes such as macrophages.
TLR Agonists Approved as Adjuvant and Single Use Agent Therapies
The TLR2/4 agonist BCG has been used for the successful treatment of bladder cancer for more than three decades. Monthly BCG maintenance therapy improves recurrence-free 5-year cumulative survival rate (64.4% vs 39.4%) (48) . Recent studies have demonstrated that Coley's toxin or BCG treatment efficacy requires a Th1 cytokine response that is thought to up-regulate the release of the pro-apoptotic mediator TRAIL by infiltrating polymorphonuclear neutrophils (PMNs) (49, 50) , which requires TLR2 and is augmented by interferon (IFN) (49, 51) . Also, when used as adjuvant, BCG promotes radiosensitization of colon cancer cells, which is mediated by increased TLR2 and TLR4 activation and enhanced autophagic cell death (52) . TLR3 agonist polyadenylicpolyuridilyc acid (Poly A:U) has been used extensively in the eighties for cancer treatment with some modest response and it has recently been shown that the response in breast cancer patients correlated with the expression of TLR3 on the cancer cells and that 
the effect was likely mediated by a direct cytostatic/cytotoxic effect on the tumor (53). TLR3 agonist Ampligen (AMP-516), a synthetic mismatched polyI:polyC induces Th1 responses mediated by IFN- and is being developed for cancer treatment (54) . The cervical cancer vaccine Cervarix developed by GlaxoSmithKline is used to prevent early stage pre-cancerous lesions, pap smear abnormalities, and the development of cervical cancer caused by human papilloma virus (HPV) and was recently approved for the treatment of cervical cancer (55) .The TLR7 agonist Imiquimod is an approved drug for the topical treatment of skin basal cell carcinoma with curative effects in a majority of patients linked to activation of innate and adaptive anti-tumor immune mechanisms (56) . Topical imiquimod 5% cream resulted in histologic clearance rates between 79% and 82% in phase III randomized placebo-controlled studies (57).
Combination therapy employing intralesional (IL) BCG pretreatment followed by topical 5% imiquimod cream was reported in nine patients. Five patients (56%) had complete regression of their in-transit disease, one had a partial response, and three had complete responses following the resection of solitary resistant lesions. The mean interval between the first treatment and complete resolution of in-transit disease was of 6.5 months (range, 2-12 mo). Seven patients (78%) were negative for recurrent in-transit disease after 35 months (range 12-58 mo) and none died due to melanoma (58) . The small-molecule imidazoquinoline 852A (3M-001) is related to imiquimod but is both a more potent and selective activator of TLR7. In a phase II clinical study, prolonged disease stabilization was achieved in 19% of patients with drug resistant, stage IV metastatic melanoma following intravenous administration of 852A, which was well tolerated and induced systemic immune activation as assessed by the measurement of type I IFN and IP-10 levels and as well as immune cell markers in peripheral blood (59) .
CpG-containing oligo-deoxynucleotide (ODNs) activation of TLR9 has shown potential as mono therapies as well as vaccine adjuvants and combination therapies in cancer treatment. The TLR9 agonist IMO-2055 is currently in two Phase Ib trials for treatment of non-small cell lung carcinoma in combination with Avastin and Tarceva, and for treatment of colorectal cancer in combination with Erbitux and chemotherapy (60) . The TLR9 agonist ISS1018 has shown efficacy in the treatment of follicular lymphoma when combined with Rituxan, and for the treatment of non-Hodgkin's lymphoma. It is also in a Phase I clinical trial for the treatment of metastatic colorectal cancer (55) . MOLOGEN AG has developed two novel double stem loop immunomodulator (dSLIM) TLR9 agonists that protect against tumor-associated antigens by targeting the TLR9 receptor on certain immune cells, which selectively targets tumorassociated antigens released by the tumor after radio-or chemotherapy (61) . In summary, with the exception of BCG and Imiquimod, many TLR agonists employed as single agent anti-tumor drugs have yielded disappointing results in clinical trials (62) . However, more promising results have been obtained from the combined use of TLR agonists with therapeutic cancer vaccines or other chemotherapeutics that prime the immune system for the development of Th1 cytotoxic responses against tumor antigenexpressing cells. Moreover, the development of immunosuppression within the tumor microenvironment is another critical factor that must be overcome for successful use of these immunotherapeutics. Toward this end, the TLR7 agonist imiquimod acts as a potent adjuvant with cancer vaccines (63) (64) (65) 
